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Abstract
The relaxation processes in oxygen-containing Rare Gas Solids (RGS) pre-irradiated by a low energy electron beam are
studied with the focus on the role of diffusion-controlled atom-atom recombination reaction in the relaxation cascades.
The results of correlated in real time measurements of thermally stimulated phenomena are presented. The experiments were
performed using activation spectroscopy methods – spectrally resolved thermally stimulated luminescence (TSL) and
exoelectron emission (TSEE). The suggested mechanism provides a long-range energy transfer and demonstrates
the existence of a new relaxation channel - triggering of electronic relaxation processes by diffusion-controlled atom-atom
recombination reaction followed by the emission of photons in the visible range which is converted due to the relaxation
process into a vacuum ultraviolet (VUV) emission.
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21. Introduction
The electronic excitations in insulating
materials induced by ionising radiation initiate
a sequence of relaxation cascades. Some fraction of
energy absorbed by solids under irradiation is then
stored by charged and neutral centers formed in the
lattice [1]. After the irradiation is completed,
a further relaxation can be stimulated either by
heating the samples or optically – by photons [2-6].
Both factors can induce relaxation processes in
electronic and atomic subsystems. Clear
understanding of the radiation effects changing
the solid properties is of great importance for
material and surface sciences as well as for radiation
chemistry. The centers survived upon completing
irradiation are responsible for the radiation induced
material modification, and the understanding of
mechanisms of their further relaxation and
the elucidation of limits of their stability [1] are of
considerable importance in condensed matter
science. Very often the relaxation of neutral centres
occurring in pre-irradiated solids is considered
separately from that of charged ones, thus ignoring
a possible interaction between these relaxation
channels. Our recent studies aimed at clearing up
the complex relaxation pattern involving both
neutral and charged channels revealed nontrivial
interconnection between atomic and electronic
processes in the formation and branching of
relaxation paths [7,8].
We found that the thermally assisted
recombination of neutral atoms in the O2-doped
Ar matrix followed by chemiluminescence appeared
to be the primary process triggering electronic
relaxation cascades [4,8]. Here we present
the development of the conception of relaxation
triggering via chemiluminescent reactions.
The experiments were performed with Xe, a wide-
gap insulating material. O2 was used as a dopant.
TSEE, the total and spectrally resolved yields of
thermally stimulated luminescence (TSL) were
measured simultaneously. The studies are aimed at
elucidating in detail the role of atom-atom
recombination in relaxation cascades.
2. Experimental
In this study, we used the low-temperature
modification of activation spectroscopy technique
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3developed by our group, namely, the real time-
correlated measurements [9,10]. The samples were
grown from the gas phase by deposition on a metal
substrate coated with a thin layer of MgF2.
The substrate was cooled by a closed-cycle 2-stage
Leybold RGD 580 cryostat. The high-purity
(99.999%) Xe gas was used. A base pressure in
the vacuum chamber was 10–8 mbar. The samples
were  doped  with  O2, which had a concentration
of 0.1 %.
A  typical  deposition  rate  was  10
–1 ȝm/s. We
deposited the Xe films of 50–100 ȝm thickness.
After deposition the samples were irradiated using
an electron beam of 500 eV to generate charge and
metastable centers. The current density used was 30
ȝA/cm2. During irradiation, the temperature was
kept rather low (about 8 K) to minimize all
thermally stimulated processes. The relaxation
processes in the Xe samples were studied at the
temperatures ranged from 8 to 100 K. The linear
heating was used at the constant rate of 5 K/min.
The annealing procedure was used to improve the
sample structure. The samples were annealed at
T=57 K for 15 min.
After the sample preparation and irradiation,
the  substrate  was  turned  to  the  position  for
measurements. We measured simultaneously
the yields of TSEE from the samples and spectrally
resolved TSL in the visible range or the yield of TSL
in the VUV range. The spectra were recorded by a
spectrometer (Multichannel S2000 Spectrometer
Ocean Optics based on CCD detectors) operating in
the range 170–1100 nm. This spectrometer allows
monitoring the temporal evolution of the spectra in
the operating range. A VUV converter was used to
detect spectra in the vacuum ultraviolet range.
The exoelectron yield was measured with an Au-
coated Faraday plate kept at a low positive potential
+9 V and connected to  a  current  amplifier  FEMTO
DLPCA 100. The centrally located hole in
the Faraday plate permitted us to detect spectra from
the sample through an optical window. The
developed program [11] gave us the possibility to
detect synchronously spectra over the entire
operating range, TSEE current, temperature and
pressure in the chamber.
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43. Results and discussion
The primary process in the atomic subsystem
under study is thermally stimulated diffusion of
O atoms formed in the Xe matrix pre-irradiated by
low energy electron beam.
Fig.1 Spectrum of pre-irradiated annealed Xe doped with
O2 (0.1 %) taken at 35K. Integration time was 1 min.
The recombination of neutral O atoms is
followed by intense chemiluminescence. The spectra
were monitored upon heating in the range 8-100K.
Figure 1 shows a typical spectrum of the Xe sample
doped with O2 (0.1  %) taken at  35 K.  One can see
two molecular progressions in the spectrum: the first
one in the range 350-650 nm due to c-a transitions
and the second one in the range 650-850 nm due to
b-X transitions. Identification of the transitions was
done in [12] and our results are in close agreement
with the description of the emission spectra of
the Xe/O2 samples in [12].
According to the suggested relaxation
scenario [4,7], this emission can be a triggering
factor for the whole set of relaxation paths. The first
channel is a recombination of self-trapped holes with
electrons yielding luminescence in the VUV range.
The second one is a direct escape of released
electrons due to heating or photon irradiation. And
the third one is a radiative recombination of
positively charged guest centers with electrons.
In order to verify this scenario, the emission
in the VUV range and the spectra in the visible
range were measured simultaneously with the TSEE
yield. The observed TSEE and the chosen lines (462
and 545 nm) are shown in Fig. 2.
Fig.2 TSL yield  (spectrally resolved lines 545 and 462
nm) from the region of Herzberg progression and
TSEE curve from Xe/O2 pre-irradiated sample.
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5The  yields  of  TSL  VUV  for  the  pure
Xe sample and for the sample doped with O2
recorded simultaneously with TSEE are presented in
Fig.3.
Fig.3 VUV TSL from pure and doped Xe samples.
3d curve is TSEE from Xe/O2 sample. Heating rate
5 K/min.
For the spectrally resolved lines (462 and
545 nm), one can clearly distinguish two main peaks
at 24K and 34K. In the yield of VUV TSL, peaks
nearby the same temperature are well detectable in
the glow curves taken from the O2 doped Xe sample.
In the curves taken from the pure Xe sample, these
peaks are strongly suppressed. Note that for
the oxygen-doped sample, the intensity of the first
peak at 24K rises more essentially compared to the
pure sample. The second peak at 34K exhibits a less
pronounced increase of intensity for the doped
sample. The main peak of the TSEE curve lies at
14K and can be assigned to the thermal release of
electrons from the surface related defects. The TSEE
curve exhibits also weak peaks at 24K and 34K.
Because, as it was shown in [13], the recombination
VUV luminescence and TSEE are concurrent
processes, we suppose that for the pre-irradiated
Xe samples, the main process is a radiative
recombination of self-trapped holes (STH) with
electrons (Xe2
+
+eĺXe2*ĺXe+Xe+hȞ (7,1 eV))
induced by the thermally stimulated recombination
of O atoms.
 The peaks under consideration are at 24K
and 34K. A comparison between the thermally
stimulated spectrally resolved lines (Fig.2) and
the VUV TSL curves (Fig.3) for the pure and doped
Xe samples provides support to the suggestion that
the VUV TSL peaks are stimulated by
the recombination reaction of O atoms. In order to
check for some possible contributions from other
processes, we measured the VUV TSL dose
dependence (Fig.4).
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6Fig.4 VUV TSL dose dependence of pre-irradiated
sample
The intensity of the peak at 24K increases
with dose of irradiation by an electron beam because
the amount of the created oxygen atom centers due
to dissociation of O2 under electron beam depends
on irradiation time. The position of the maximum is
not shifted with dose.
 Another behaviour has the maximum at 34K.
With the dose increasing, the maximum was shifted
towards a higher temperature (from 32K up to 34K).
This means that the peak at 34 K consists of at least
two components stemmed from different relaxation
processes. One of them is due to the thermally
stimulated chemiluminescent reaction, which
releases electrons from the traps and triggers a
charge recombination followed by the emission in
the VUV range. The other one is caused by the
annealing of the electronically induced defects. The
peak assigned to the electronically induced defects
was detected and analysed in pre-irradiated solid
Ar [14].
Our experimental data enables us to restore
the following scenario to explain the relaxation
pattern, which is puzzling at first. The charge
recombination reactions, which result in
the appearance of the VUV emission, are controlled
by the mobility of electrons in the pre-irradiated
rare-gas atomic cryocrystals. The weakest bound
electrons, of the trapped ones, are mobilized at the
lowest temperature and escape the crystal or
neutralize positive intrinsic ions – STH. At a
definite, higher temperature, the present O atoms
start to diffuse with the following recombination
resulting in the formation of molecular O2
* in the
bound excited electronic states. This is followed by
the radiative transition of O2
*
 into the ground state.
The emitted visible range photons are absorbed and
provide the energy needed to detrap electrons from
deeper traps promoting them to the conduction
band (CB). Mobile electrons in the CB can directly
escape the sample or recombine radiatively with
STH yielding the VUV emission. This reaction can
be considered as an “internal photon source”
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7promoting electrons to the conduction band and
affecting the relaxation paths.
Note that the triggering of relaxation paths via
the mentioned above photon-induced electron
detrapping leads to the conversion of photons from
visible to VUV range. This process is, to some
extent, similar to the well-known light up-
conversion [15].
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